Abstract: Electron impact excitation of highly charged tungsten ions in the framework of a fully relativistic distorted wave approach is considered in this paper. Calculations of electron impact excitation cross-sections for the M-and L-shell transitions in the tungsten ions W n+ (n = 44-66) and polarization of the decay of photons from the excited tungsten ions are briefly reviewed and discussed. New calculations in the wide range of incident electron energies are presented for M-shell transitions in the K-like through Ne-like tungsten ions.
Introduction
Special physical properties of tungsten such as its highest melting point and lowest metal pressure amongst metals make it a potential candidate in fusion engineering where tungsten can be used as a potential plasma facing material. Various charge species of tungsten are predicted to be present in the high-temperature and low-density divertor plasma of the International Thermonuclear Experiment Reactor (ITER) tokomak [1] [2] [3] . Tungsten ions, which move into a tokomak will not be completely ionized even in the hot core, thus causing strong X-ray emission over a wide range of temperatures. Since electron induced processes are anticipated to be among the dominant ones, it is likelihood that tungsten ions will get excited by collision with plasma electrons and will decay by emitting radiation.
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Thus information on the electron impact excitation cross-sections as well as the polarization of the radiation emitted due to decay of the excited state will facilitate a thorough understanding of the spectra for plasma diagnostics. For example, the ion temperature of the ITER core plasma can be assessed with the help of such diagnostics. Polarization studies play an important role in understanding the plasma properties, as X-ray polarization spectroscopy is a useful diagnostic tool for measuring the velocity distribution of hot electrons propagating in plasma created with a high intensity laser pulse [4] . It has also been employed to measure the energy component associated with the cyclotron motion of the beam electrons in the Livermore electron beam ion trap (EBIT) [5] .
The understanding and modeling of such a plasma rely on the knowledge of accurate atomic data for ion species encountered in the plasma [6] . The International Atomic Energy Agency (IAEA) has constituted a committee consisting of leading scientists from all over the world in order to encourage the production and exchange of a variety of tungsten data required to facilitate the growth of ITER and other fusion applications. One of the authors, R.S. has been a member of this committee. The initiative taken by IAEA has led to extensive experimental and theoretical investigations related to emission spectra, energy levels, transition rates, ionization, excitation, radiative recombination and dielectronic recombination etc., of highly charged tungsten ions [7] . As a coordinated effort to cater the need of atomic data of various ionic stages of tungsten, thereby assisting in the design and development of ITER, we have undertaken the present project to provide reliable cross-section data for excitation of ions by electron impact.
X-ray spectroscopy utilizing emissions from L-shell as well as M-shell tungsten ions is an attractive option for tokomak plasma diagnostics [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . The temperature of the ITER core will be sufficiently high to produce the L-shell tungsten ionic charged states. Emissions from the L-shell ionic charged states are proposed to be the main diagnostics of the ITER plasma using a core imaging X-ray spectrometer (CIXS) [23] . There has also been interest in the study of emissions from M-shell charged states of tungsten, which will be present in considerable amount in the ITER core under ohmic plasma operations. In this context, we have performed fully relativistic distorted wave (RDW) calculations to obtain cross-sections for various M-and L-shell transitions due to electron impact excitation of highly charged tungsten ions W n+ where n varies from 44 to 66. This work is undertaken in the light of recent measurements in an electron beam ion trap at the Lawrence Livermore National Laboratory reported by Beiersdorfer and his co-workers [19] [20] [21] [22] in which they identified a number of intense lines in the L-and M-shell spectra of various tungsten ions. The electron excitation processes corresponding to these lines are studied in detail due to the importance of the cross-section data to identify and interpret the spectroscopic data of the tungsten ions. Also anticipating the importance of information about the polarization [24] of the subsequent emission arising from electron impact anisotropically excited states of tungsten ions, results are obtained for polarization of the photon emissions utilizing the calculated magnetic sublevel excitation cross-sections. It should be noted here that in the present work we have considered only the electron impact inner L-and M-shell excitations to specifically selected excited states which lead to X-ray emissions on its decay back to the initial state [25] [26] [27] . No attempt has been made to take into account the population of such selected excited states from other lower lying excited states or from the radiative decay of the upper lying excited states. These later effects along with other excitations and various possible processes can be incorporated when one does the complete plasma modeling separately through a suitable collisional radiative model [28] . It is worth mentioning here that there are no reports on the
Here J and M denote the total angular momentum and its z-component of the atomic state and μ refers to the spin projection of the free electron while α represents all other quantum numbers necessary to specify the ion's state. V is the projectile electron and target ion interaction potential given by
Here ri (i = 1, …., N) and rN+1denote, respectively, the position coordinates of the ionic N electrons and projectile electron with respect to the nucleus of the ion. The distortion potential Ub is chosen to be the spherically averaged static potential Vstatic of the excited state of the ion and it can be obtained using the following expression,
where P and Q represent the larger and smaller components of the radial part of the target ion wavefunction, j  is the occupation number of the jth subshell and the electron in it is represented by quantum numbers j j n  .This choice of distortion potential leads to the most congruous results in the distorted-wave approximation [30, 31] . With our normalization of the distorted waves, the magnetic sublevel cross-section for the excitation of the ion from a fine-structure initial level with angular momentum Ja to a higher lying level Jb is given by
We have simplified the above expression for various dipole allowed transitions for the L-and M-shell excitations of the tungsten ions considered in our earlier [25] [26] [27] as well as in the present work. For sake of convenience to the readers, all these formulae are compiled in Table 1 for the various decay transitions between states Jb to J0. Here, the lower state 0 0 α J is the same as considered for electron impact excitation i.e., α a a J . 
Brief Review of the Earlier Work
In the following subsections we have given the review of our work along with other earlier work carried out for electron impact L-and M-shell excitations in various charged states of tungsten W n+ (n = 44-66) ions [25] [26] [27] .
L-Shell Excitation of Mg-through O-like Tungsten Ions
There have been continuous efforts to investigate emission spectra of highly charged Mg-like through O-like tungsten ions. Beiersdorfer et al [21] reported high-resolution crystal spectroscopy measurements and identified ten lines in neon-like W 64+ arising due to the n = 3→n = 2 L-shell X-ray transitions as electron to the n = 3 level was considered. In case of the O-like W 66+ ion, a number of transitions between levels with n = 2 and n = 3 were investigated. The list of all the transitions considered is given in Table 2 . The ground as well as excited states of these ions were expressed within the multi-configuration Dirac-Fock (MCDF) approach as linear combination of other configuration state wavefunctions having the same total angular momentum J and parity. For this purpose we used GRASP2k code [33] and calculated excitation energies and dipole oscillator strengths associated with the transitions listed in Table 2 . These values were compared with the measurements on excitation energies reported by Beiersdorfer et al. [21] as well as available theoretical results [21, [35] [36] [37] [38] [39] [40] 42] . In particular, we found that Atoms 2015, 3 59 the maximum deviation of excitation energy was 0.029% for Mg-like, 0.056% for Na-like, 0.079% for Ne-like and F-like and 0.049% for O-like tungsten ions with the measured and the other available theoretical values. Electron impact L-shell excitation cross-sections were obtained in the range of the incident electron energies from threshold to 60 keV. We compared our results with the available other RDW calculations for Ne-like W 64+ [40] and F-like W 63+ [42] ions and found good agreement.
We also observed that a transition involving double excitation yielded lesser cross-sections as compared to a single electron excitation. This is due to the fact that for double excitation direct T-matrix is zero and only the exchange T-matrix contributes. We further carried out analytical fitting of our calculated cross-section data for each transition in the entire range of the incident electron energy so that the cross-section at any desired energy can be readily obtained and the expression of analytic fit can be directly used in any plasma model. In addition to the excitation cross-sections, we also calculated the polarization of the subsequently emitted photon from the L-shell excited transitions by using the suitable relation from Table 1 for a particular decay transition. In general, we observed a similar behavior of the polarization for all the considered transitions i.e., the polarization first increased with an increase in energy and reached its maximum value for the incident energy at approximately two times the threshold energy and then started to decrease with the increase of electron energy [26] .
M-Shell Excitation of W n+ Tungsten Ions

Excitation of Co-like through Zn-like Tungsten Ions
The growing interest to understand tungsten ions spectra for diagnostics of fusion plasma makes the study of their M-shell spectraamenable. Therefore, a significant amount of theoretical [25, 27, [44] [45] [46] and experimental [14, [17] [18] [19] [20] 22] work has been performed on M-shell spectra of various ion charge species of tungsten. In this context, Clementson et al. [18] have measured the M-shell spectra of Zn-like W 44+ through
Co-like W 47+ ions using an X-ray calorimeter spectrometer at the SuperEBIT. They studied spectra at excitation energies 3.3, 4.0 and 4.1 keV and observed strong line emission in the 1500-3600 eV soft X-ray range. Clementson et al. [18] also utilized FAC code to carry out relativistic atomic structure and collisional-radiative calculations and compared their calculated and observed spectra. For the electron impact excitation studies of these ions, Zhang et al. [44, 45] reported their relativistic distorted wave collision strengths for Ni-like and Cu-like tungsten ions. Recently, Xie et al. [46] reported magnetic sublevel excitation cross-sections and polarization of Ni-like through Ge-like tungsten ions. Though one can find a great deal of scattered literature on different ionic stages of tungsten ions, the existing electron impact excitation cross-section data is still insufficient. In the light of M-shell spectra of Zn-like to Co-like W ions as observed by Clementson et al. [18] , we undertook the task of extensive cross-section calculations for M-shell excitations in these ions. Using the RDW method we studied the excitation of the electrons from 3d to 4p and nf sub-shells where n = 4-6 for Zn-like W 44+ and Cu-like
, n = 4-8 for Ni-like W 46+ and n = 4 and 5 for Co-like W 47+ [25] . We selected all the dipole allowed transitions as listed in Table 3 , which belong to the most intense lines reported in the measured spectra [18] . For all these transitions, excitation energies and oscillator strengths were calculated using GRASP92 code of Parpia et al. [32] . These values were in good agreement with the measurements [18] and other [45] at energies up to 12 keV only. Good agreement of our results with the calculations of Zhang et al. [45] was found which indicates the consistency and reliability of both the calculations. We have also provided the analytic fitting parameters as we did for L-shell excitations, so that analytic fit can be implemented directly in any plasma model and a cross-section can be calculated at any energy.
Further, polarization of the photons emitted after decay of the M-shell excited ionic states was calculated using the different magnetic sublevel cross-sections. We noticed again that the polarization initially increased with increasing electron energy and showed a broad peak near threshold before decreasing rapidly at higher incident electron energies. In case of Cu-like and Zn-like tungsten ions, polarization values for the photon decay due to deexcitation of one electron to 3d and d 3 from 4p and p 4 orbitals were greater than those from nf and f n orbitals. Another interesting feature noticed for all four ions was that the polarization of photons associated with decay transitions viz. f n → d 3 and nf → 3d was nearly equal for a given value of n.
Excitation of Fe-like through Al-like Tungsten Ions
We also applied the RDW theory to study M-shell excitation viz. 3p3/2-3d5/2 in Fe-like through Al-like tungsten ions [27] . This work was undertaken in view of the recent spectral measurements of wavelengths in the 27-41 Å range for Fe-like through Al-like tungsten ions by Lennartsson et al [22] at Livermore EBIT-I. A number of theoretical and experimental investigations have been reported for M-shell transitions in these 14 tungsten ions.
All the transitions considered for these ions are listed in Table 4 . We calculated the excitation energies and oscillator strengths for these transitions and compared them with the values reported earlier [22, [48] [49] [50] [51] [52] [53] [54] [55] . We observed overall good agreement with the experimental and other theoretical results. We also found that our calculated excitation energies were within 1% of the measurements and the FAC results. Further, utilizing the target ion wavefunctions, we calculated RDW cross-sections for the transitions given in Table 4 . It was observed [27] that cross-sections corresponding to the transition Ja = 0 to Jb = 1 were maximal for a given ion. As expected, the relative values of cross-sections in a particular ion were governed by the values of oscillator strengths i.e., transition with greater value of oscillator strength yielded more cross-sections. Furthermore, analytic fitting of the cross-sections was done and fitting coefficients were provided for plasma modeling.
We also performed the analysis of the linear polarization of photons which is expressible in terms of magnetic sublevel cross-sections of the excited state as given in Table 1 . We observed that decay of Jb = 1 to J0 = 0 state resulted in maximum polarization near threshold of all the transitions considered. Moreover, the transitions leading to ΔJ = −1 caused emission of feebly polarized photons with maximal valuesof only 2%. In general, photons emitted due to transitions with ΔJ = 0 were more strongly polarized than those with ΔJ = 1. ions. This figure shows that for K-1 transition, magnetic excitation cross-section curve for the sublevel Mb = ±3/2 lies above than that for the corresponding sublevel with Mb = ±1/2 in the incident electron energy range upto ~8 keV and thereafter the behavior is reversed. For K-2 transition where the excitation takes place from the same lower state with Ja= 3/2, the cross-sections for the sublevel Mb = ±1/2 are highest followed by excitation to the sublevels with Mb = ±3/2 and Mb = ±5/2 up to an incident electron energy around 8 keV and then the order is reversed. In case of Ar-1, the cross-section for the sublevel with Mb = 0 is higher compared to Mb = ±1 up to an energy of 8 keV and then it becomes less. Thus, we observe a general feature, i.e. for each transition, the magnetic sublevels which are more populated in the range of incident energy from the threshold to 8 keV become less populated afterwards. This interesting behavior of the variation of magnetic sublevel cross-sections play an important role in the study of the polarization of the radiation emitted following the decay of the excited states. We will see this later when we discuss Figure 3a for our polarization results corresponding to K-1, K-2 and Ar-1 transitions. Since we are considering many transitions in different tungsten ions with varying values of Ja and Jb, there would be too many corresponding magnetic sublevel cross-section results for each set of Jaand Jb values. Consequently, to avoid crowding of the figures, we only show the total cross-sections for all the transition in Figure 2a ,b.These figures show that all the cross-section curves for different transitions decrease linearly right from the threshold to the higher incident electron energies. We also see the general feature that the cross-section for 3s1/2→3p3/2 transition is always lower than the cross-section for the transition 3p1/2→3d3/2 for each ion except for Mg-like W 62+ ion where the reverse is seen.
Analytic fitting of the obtained cross-sections were done using the following formula 
The calculated fitting coefficients are given in the Table 7 . These coefficients provide values of cross-sections within an accuracy of 5% right from the excitation threshold impact energy. Table 6 for Cl-like, S-like and P-like tungsten ions as a function of incident electron energy; (b) Electron-impact excitation cross-sections (in atomic units) for different transitions as given in Table 6 for Si-like, Al-like, Mg-like, Na-like and Ne-like tungsten ions as a function of incident electron energy. Table 6 ) for K-like, Ar-like, Cl-like, S-like and P-like tungsten ions as a function of incident electron energy; (b) Polarization for the photon emission from anisotropic excited states through different transitions (as given in Table 6 ) for Si-like, Al-like, Mg-like and Na-like tungsten ions as a function of incident electron energy. 
